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BACKGROUND: Widespread infiltration of tumor cells into surrounding brain parenchyma is a hallmark of
malignant gliomas, but little data exist on the overall invasion pattern of tumor cells throughout the brain.
METHODS: We have studied the invasive phenotype of malignant gliomas in two invasive mouse models and
patients. Tumor invasion patterns were characterized in a patient-derived xenograft mouse model using brain-wide
histological analysis and magnetic resonance (MR) imaging. Findings were histologically validated in a cdkn2a−/−
PDGF-β lentivirus-induced mouse glioblastoma model. Clinical verification of the results was obtained by analysis
of MR images of malignant gliomas. RESULTS: Histological analysis using human-specific cellular markers
revealed invasive tumors with a non-radial invasion pattern. Tumors cells accumulated in structures located far
from the transplant site, such as the optic white matter and pons, whereas certain adjacent regions were spared.
As such, the hippocampus was remarkably free of infiltrating tumor cells despite the extensive invasion of
surrounding regions. Similarly, MR images of xenografted mouse brains displayed tumors with bihemispheric
pathology, while the hippocampi appeared relatively normal. In patients, most malignant temporal lobe gliomas
were located lateral to the collateral sulcus. Despite widespread pathological fluid-attenuated inversion recovery
signal in the temporal lobe, 74% of the “lateral tumors” did not show signs of involvement of the amygdalo-
hippocampal complex. CONCLUSIONS: Our data provide clear evidence for a compartmental pattern of invasive
growth in malignant gliomas. The observed invasion patterns suggest the presence of preferred migratory paths,
as well as intra-parenchymal boundaries that may be difficult for glioma cells to traverse supporting the notion ofceived 10 December 2017; Revised 7 March 2018; Accepted 2 April 2018
2018 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open
ess article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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644 Invasion Patterns in Malignant Gliomas Mughal et al. Neoplasia Vol. 20, No. 7, 2018compartmental growth. In both mice and human patients, the hippocampus appears to be a brain region that is
less prone to tumor invasion.
Neoplasia (2018) 20, 643–656in
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alignant gliomas are the most common intra-axial primary brain
mors and, despitemultimodal treatment, survival rates remain poor [1].
rgical resection is often the primary treatment for these tumors;
wever, it is not curative due to the widespread infiltration of glioma
lls. Such invasive cells are also relatively resistant to radio- and
emotherapy [2], further complicating themanagement of these tumors.
o better understand themechanisms underlying the invasive behavior of
mor cells and to tailor future therapies targeting invasive glioma cells,
ore knowledge is needed about tumor cell migratory trajectories and
eir preferred sites of accumulation in the brain.
Early histopathological studies of brains from glioma patients
owed that tumor invasion does not occur in a random manner;
ioma cells follow distinct anatomical structures with a propensity to
igrate along white matter tracts (WMTs), in perivascular spaces and
e subependymal layers while avoiding certain gray matter regions
,4]. Despite extensive invasion into the brain parenchyma and the
erivascular spaces, tumor seeding along cerebrospinal fluid
SF)-routes is seen in only 2% of the cases [5] and metastasis
tside the neuraxis have rarely been reported [6,7]. This supports the
otion that glioma cell invasion occurs within certain tissue
mpartments. The spread of glioma cells within the brain appears
respect some anatomical boarders, giving rise to defined subtypes.
s such, optic pathway glioma is a well-known tumor entity residing
the centrobasal midline region, whereas the limbic gliomas are
edominantly confined to gray matter structures of the mediobasal
mporal lobe, illustrating the diversity of glial tumors [8,9].
Considering that the extracellular space is much smaller than an
vasive glioma cell and the astrocytic end-feet cover approximately 99%
the vasculature [10], it is remarkable that a tumor cell is able to move
rough the brain at all. To this end, studies have shown that glioma cells
dergo several geno- and phenotypic changes that enable them to switch
an invasive phenotype. These changes are facilitated by
emo-attractive and repulsive cues that act in a stringent interplay
tween tumor cells and their microenvironment [11–13].
Orthotopic xenograft studies where human malignant glioma cells
e transplanted into rodents have given some indications as to which
ain regions are preferred (e.g., corpus callosum and internal capsule)
d avoided (e.g., thalamus) by invasive tumor cells [14–16]. These
ther old studies were, however, restricted by the methods available
r visualization of tumor cells at the time. Many xenograft studies are
sed on chemically induced glioblastoma (GBM) models and
rum-cultured commercial cell lines which either form circum-
ribed tumors (e.g., U87) or show limited peri-tumoral infiltration of
e brain parenchyma (e.g., GL261) without recapitulating the
vasive phenotype of gliomas [17]. Although a few studies have used
netically engineered mouse models or xenografts of patient-derived
rum-free primary cell cultures that do display invasion of the brain
renchyma [17], a systematic brain-wide characterization of glioma
igration patterns has not been performed.To address this biological and clinically relevant subject, we have
vestigated the invasive growth pattern of malignant gliomas using
o invasive GBM animal models and clinical patient imaging.
nalyses were based on histological sections of xenograft tumors
rmed by transplanting patient-derived GBM-initiating cells (GICs)
to severe combined immunocompromised (SCID-) mice and
ructural magnetic resonance (MR) images. GICs have been shown
reiterate the geno- and phenotype of the parental tumor and to
rm highly invasive tumors upon orthotopic transplantation
8–20]. Our key findings were validated in a cdkn2a−/−
DGF-β-GFP lentivirus-induced GBM mouse model. In both
odels, we observed systematic patterns of invasive growth and
gional differences in the propensity to harbor or avoid invasive
mor cells.aterial and Methods
tudy Populations and Ethical Approvals
Male C.B.-17 SCID mice (Taconic, Ejby, Denmark) were used for
tracranial tumor transplantation (n = 22) and serial MR imaging
udies (n = 40). Male cdkn2a−/− mice (n = 6) were used to generate
GF-β-GFP lentivirus models of GBM. All animal experimental
ocedures were approved by the respective Animal Research Authorities.
Clinical data used for this study included prospectively registered data and
R images from patients who underwent operations for malignant
mporal lobe gliomas (TLGs) at Oslo University Hospital, Norway, in a
ree-year period (July 2013–June 2016; n = 90). GIC cultures were
tablished fromGBMbiopsies harvested from consenting patients (n = 5).
ata collection and the use of human tissue was approved by institutional
ta protection officials and the Norwegian National Committee for
edical Research Ethics (#07321b).
issue Specimens and Cell Cultures
GIC cultures were derived from histologically confirmed GBMs
d grown as spheres in serum-free neurosphere medium [21]. We
ve previously shown that GICs maintain their phenotype and
morigenicity after in vitro culturing in these conditions [20]. The
o GIC cultures used the most in this study (T08 and T65) have
en characterized in detail with regards to growth, sphere forming
ility, and expression of stem cell associated markers [20,22,23]. To
entify transplanted human cells and verify human-specific antibody
aining, we labeled two GIC cultures with green fluorescent protein
FP) [23]. GL261, a murine GBM cell line, was obtained from the
ational Cancer Institute (NCI, Bethesda, MD, USA) and cultured
serum-containing adherent conditions [24].
tracranial Transplantation, Brain Tissue Processing and
munolabeling
GICs were stereotactically transplanted into 8–9-week-old C.B.-17
ale SCID mice (Taconic, Ejby, Denmark) [20]. Two microliters of
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Table 1B. Brain-Wide Distribution and Density of Immunolabeled Tumor Cells
The Five-Point Grading Scale is Defined in Table 1A
Transplanted
hemisphere
Non-transplanted
hemisphere
Brain regions (BRs) hMit Vim hMit Vim
Tumor Core Non-adjacent BRs
Caudate Putamen ++++ +++ ++ ++
Globus Pallidus ++++ ++++ ++ +
Adjacent BRs
Ventral striatum +++ ++ + +
Thamalus +++ ++ + +
Hypothalamus + + − −
Amygdala + − − −
Septal nuclei (medial and lateral) +++ +++ ++ ++
Subependymal space of the Lateral ventricle ++++ ++++ +++ +++
Cortical areas
Limbic cx ++ ++ ++ +
Cingulate cx ++ + + +
Motor cx +++ ++ ++ +
Somatosensory cx +++ ++ ++ +
Insular cx +++ +++ + +
Auditory cx ++ ++ + −
Visual cx ++ ++ + −
Piriform cx +++ ++ − −
Parahippocampal white matter
Fornix +++ +++ +++ +++
Fimbriae +++ +++ +++ ++
Hippocampal Commisure +++ +++ +++ +++
Alveus +++ +++ ++ ++
Hippocampal formation
Neoplasia Vol. 20, No. 7, 2018 Invasion Patterns in Malignant Gliomas Mughal et al. 645cell suspension containing 100,000 cells/μl was inoculated into the
ght striatum at a position 0 mm anterior, 2 mm ventral and 2 mm
ght of the bregma; 2 μl of a 5000 cells/μl solution was transplanted
rGL261 grafting. The right and left hemispheres are hereafter referred
as “transplanted” and “non-transplanted” hemispheres, respectively.
ice were sacrificed when humane endpoints were reached (defined as
10% weight loss and/or manifestation of neurological symptoms).
eparation of brain sections (12 μm) and immunolabeling were
rformed as previously described [21], see Suppl. File 1.
ransgenic GBM Model
A transgenic GBM model of cdkn2a−/− mice injected with
GF-B-GFP lentivirus was established as previously described [25].
the current study, a retroviral vector system containing mouse
GF-B was kindly provided by Prof. Paolo Malatesta [26]. Vector
as injected into cdkn2a-deficient mice as previously described [27].
fter 12 weeks, mice were sacrificed by paraformaldehyde perfusion,
st-fixed in formaldehyde, dehydrated and paraffin embedded.
rain sections (4 μm) from tumor-bearing brains (n = 6) were
unterstained using hematoxylin and eosin (HE) or a GFP antibody.
cquisition and Analysis of Mouse Brain Slide Images
High-resolution brightfield or fluorescence images of histological
ctions were acquired through a 20× Plan-Apochromat/0.8 objective
ing an automated slide scanner system (Axio Scan Z1, Carl Zeiss
icroscopy, Munich, Germany). Images were inspected using the
en Lite Blue software from Carl Zeiss Microscopy. The density of
beled cells in different brain regions was assessed using a 0–4 point
ading system adopted from Yetman et al. [28] (Table 1A). The
atomical location of the observed labeling was determined by
entification of multiple prominent anatomical landmarks with
ference to the mouse brain atlas of Franklin and Paxinos [29]. For
ditional confirmation of these observations in the two mouse
odels, a quantitative image analysis workflow [30] was used to
antify human-specific mitochondrial (hMit) or GFP labeling in
lected brain regions. In each of these brain regions, three square
gions-of-interest (ROIs) with size 200 × 200 μm or 50 × 50 μm
epending on the area of the region investigated) were randomly
aced well within the external boundaries of each region. For each ofble 1A. Semi-Quantitative Scale Used to Grade Cell Labeling Density (Vimentin)
e-point grading scale used to grade density of immunolabeled cells shown in Table 1B
Example     Score
++++
    +++
    ++
    +
    0
Cells forming dense aggregates where 
individual cells cannot be discerned
High density
Many cells, strong labelling, large 
degree of overlap
Medium density
Several cells that can be individually 
discerned but not readily counted
Low density
Few cells that are possible to count
Absent
Absence of labelled cells or less than 
1 per 0,02 mm2 
200 µm
CA
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Ceese ROIs, the fluorescent signal was separated from background
ing the machine learning ilastik software [31], which segments
ages into classes-of-interest based on supervised random forest
arning algorithms and classifies labeling into objects of interest.
gmented images were processed in ImageJ to extract measurements
labeled areas in each ROI.
ouse Brain MR Imaging
Mice were scanned at regular intervals in a 9.4 T small-animal MR
anner (Agilent, Palo Alto, CA, US) with a 35-mm quadrature
iven birdcage radiofrequency coil (Rapid Biomedical, Rimpar,
ermany) under inhalation anesthesia (1.5% isoflurane and1–3 + − + −
ntate Gyrus + − + −
biculum + + + −
Non-adjacent BRs
bpial space over
convexities +++ +++ + +
ns ++ ++ ++ ++
rebellar cortex (+) (+) (+) (+)
hite matter tracts
teral olfactory tract +++ ++ − −
terior Commisure (A&P) +++ +++ ++ ++
rpus callosum
uncus ++++ ++++ ++++ ++++
ternal capsule ++++ ++++ +++ +++
ternal capsule +++ +++ ++ ++
tic pathway
ptic nerve +++ +++ +++ ++
ptic chiasm ++++ +++ ++++ +++
ptic tract ++++ ++++ ++ ++
ptic nerve layer of superior colliculus ++ + − −
rebral peduncle ++++ ++++ ++ ++
inocerebellar tracts +++ +++ + +
ramidal tracts +++ +++ ++ ++
rebellar peduncles ++ ++ + +
Stratum oriens of CA: hMit ++/Vim+/hMit +/Vim+.
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quired b24 hours prior to sacrifice.
The MR protocols included coronal multislice T1-weighted fast
in echo sequence (TR/TEeff = 1500/8.3 ms, 6 averages, slice
ickness 0.75 mm with 62.5 x 62.5 μm in-plane resolution) and
2-weighted fast spin echo (TR/TEeff = 4000/46 ms, 4 averages,
ice thickness 0.75 mm with 62.5 x 62.5 μm in-plane resolution).
agnevist™ Gd-DTPA (Bayer, Whippany, NJ, USA) was injected
traperitoneally at 0.5 mmol/kg. T1-weighted images were acquiredfore and 15 min after contrast injection. MR images were evaluated
r areas containing contrast-enhancing tumor on T1 or T2-hyper-
tensity using anatomical landmarks as described in a standard
ouse brain reference atlas [29].
valuation of Clinical MR Images of Malignant TLGs
Immediate preoperative MR images were available for 70
eatment-naive cases. Tumor location was evaluated using
ntrast-enhanced T1-weighted images and tumor extension was
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Neoplasia Vol. 20, No. 7, 2018 Invasion Patterns in Malignant Gliomas Mughal et al. 647sessed by pathological hyperintense signal on fluid attenuated
version recovery (FLAIR)-weighted images since it has previously
en suggested that T2 and FLAIR hyperintense non-enhancing
gions could contain histopathological features corresponding to
ologically active tumor [32]. The TLGs were categorized into four
bgroups based on the location of the dominant contrast-enhancing
sion by using a modified version of Yasargil's classification [8].
urthermore, Visually AcceSsible Rembrandt Images (VASARI)
ere used as a guideline for scoring the following MR features: site
tumor epicenter, presence of satellites, multifocality or -centricity
d ependymal enhancement [33]. Details are provided in
ppl. File 2.
esults
rain-wide Invasion Patterns in GIC-Derived Tumors
Coronal tissue sections sampled across six mouse brains carrying
nograft tumors from five GIC cultures were examined for the
esence of grafted tumor cells. In addition to using GFP-labeled
lls, immunofluorescent staining was done for a panel of cellular
arkers (Suppl. File 1). All samples were immunolabeled with
tibodies against human mitochondria and the intermediate
ament protein vimentin (expressed in invasive cells).
Transplanted Hemisphere (Table 1B). In most cases, the tumor
plantation site in the dorsal striatum featured a compact
clear-dense tumor core that included the caudate putamen
mplex and the globus pallidus (Figure 1, A–D). The striatum was
larged due to the densely packed tumor cells. This mass effect
sulted in distortion of the surrounding structures (Figure 1, A–C),
cluding elevation of the corpus callosum and external capsule and
splacement of the lateral ventricles, thalamus, septal nuclei and
ppocampus.
Outside the striatal tumor core, we found bihemispheric dispersal
tumor cells (Figure 1, A–D). Tumor cell infiltration was
nsistently seen in regions adjacent to the tumor core, such as the
alamus and ventral striatum (Figure 1, E). Particularly high
nsities of tumor cells were seen in the subependymal layers of the
teral ventricles. This prominent feature (Figure 1, B–D) was also
esent in cases with small tumor cores (Figure 1F). Outside the
mor core and its adjacent regions, a differential pattern of invasion
as seen. Tumor cell accumulation was identified in the septal nuclei
igure 1G), while the hypothalamus, amygdala and hippocampus,
cated at approximately the same distance from the tumor core, were
markably free of tumor cells (Figure 1, H–J). These tumor-freegure 1. Tumor cell distribution in the transplanted hemisphere
munolabeled coronal sections from GIC-derived tumors derived from
mor core and moderate tumor cell migration mainly along white m
rows). (B) Vimentin-labeling (red) of invasive tumor cells showed an ac
terhemispheric fissure) – not contiguous with the tumor core- cove
gions were divided in areas adjacent (red arrows) and non-adjace
man-specific mitochondrial antibody (hMit) (green). (C) T25 xenog
vasion. (D) T65 displayed a much smaller tumor core with extens
sembling a butterfly glioma. (E-G) The thalamus and septal areas were
filtrated (A-C), and even when tumor cores were not contiguous w
ntralateral side. (H-J) Certain brain regions adjacent to the tumor cor
rely invaded. (J) The white matter surrounding the hippocampus was
ntate gyrus were spared.Abbreviations: aca, anterior part of anterior c
rpus callosum; cp, cerebral peduncle; CPu, caudate putamen; D3V,
PC, hippocampus; HY, hypothalamus; ihf, interhemispheric fissure;
ppocampus; py, pyramidal tracts; TC, tumor core; TH, thalamus; * lalands were surrounded by white matter with extensive tumor
filtration (Figure 1, H–J).
In the cerebral cortex, various degrees of tumor cell invasion were
en in the deep layers (IV-VI) overlying the corpus callosum, while
ly a few cells were found in the superficial layers (I-III) (Figure 1,
–D). In regions where the tumor extended to the convexity surface,
mor cells also accumulated in the space between the cortex and the
eningeal coverings, resulting in cortical impingement (Figure 1, B–C).
Tumor cell infiltration was found along WMTs, resulting in
spersion to more distant parts of the brain (Figure 2, A–E). In cases
ith large tumor cores, tumor cells infiltrated extensively into the
hite matter enveloping the striatal core, causing thickening of the
rpus callosum and partial loss of the structural integrity of the
silateral internal capsule and the anterior commissure. Interestingly,
e optic white matter stood out as one of the brain regions with the
ghest tumor cell density. A large number of tumor cells was found
the optic tract, chiasm and even in the distal part of the optic nerves
igure 2, A and C). Similarly, the projection fibers of the cerebral
duncle were packed with tumor cells en route to the brain stem
igure 2A). The brain stem was moderately infiltrated with tumor
lls accumulating primarily in white matter regions, following the fiber
ndles into the cerebellar cortex and medulla (Figure 2, D and E).
Non-Transplanted Hemisphere (Table 1B). The primary path of
ll dispersal to the non-transplanted hemisphere was via the
mmissural fibers, dominated by the corpus callosum (Figure 2,
H). From the corpus callosum and the external capsule, the tumor
lls infiltrated the dorsal parts of the cortical regions such as the
otor- and somatosensory cortex (Figure 2F). Similarly, the striatum
as infiltrated by direct invasion from the overlying white matter.
owever, islands of tumor cells representing crossed myelinated fiber
acts were the most dominant trait of cellular distribution in the
riatum (Figure 2G). The anterior commissure also facilitated
igration of tumor cells into the non-transplanted hemisphere
igure 2H). The brain region comprising the cerebral peduncle and
edial lemniscus harbored tumor cells, whereas the neighboring
ructures (e.g., hippocampus) were remarkably tumor-free (Figure 2I).
The subependymal lining of the lateral ventricle was one of the
ost tumor-infiltrated regions of the non-transplanted hemisphere
igure 2G). As in the transplanted hemisphere, these observations
nfirmed the propensity of tumor cells to migrate towards the
bventricular zone. Similar to the contralateral side, structures
longing to the optic pathway contained the highest density of
vasive tumor cells (Figure 2F) and tumor cells were readily detected
the ventral part of the brain stem (Figure 2J).of GIC-derived tumors. Fluorescence microscopy images of
T08, T11, T25 or T65 cultures. (A) T08 formed tumors with a large
atter tracts (corpus callosum and anterior commissure) (white
cumulation of tumor cells in the septal area and the subpial lining
ring the medial surfaces of both hemispheres. Tumor-infiltrated
nt (white arrows) to the tumor core. Counter-staining with a
raft tumors with a large tumor core and bihemispheric tumor
ive intraparenchymal invasion and distribution of tumor cells
frequently invaded by tumor cells. The subependymal lining was
ith the subventricular zone, tumor cells were detected on the
e, such as the hypothalamus, amygdala and hippocampus, were
packed with tumor cells, whereas the cornu ammonis and the
ommissure; AMG, amygdala; alv, alveus; CA, cornu ammoni; cc,
dorsal part of the third ventricle; DG, dentate gyrus; fi, fimbria;
Or, oriens layer of the hippocampus; Py, pyramidal layer of the
teral ventricle.
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e observed the same high density of malignant cells as in the
ansplanted hemisphere (Figure 2, F and K). Therefore, it was
markable that the invasive tumor cells appeared to avoid the
ppocampal formation (Figure 2K). These findings were verified in aparate group of xenograft tumors (Figure 3, A and B). Analysis of
e staining patterns of other cellular markers is shown in Suppl.
igure 1.
ellular Distribution is Not Correlated With Migratory Distance
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Neoplasia Vol. 20, No. 7, 2018 Invasion Patterns in Malignant Gliomas Mughal et al. 649Our data indicated that, despite the widespread dispersion of
mor cells, glioma cell invasion followed specific patterns respecting
rtain intra-parenchymal barriers. Thus, we explored the correlation
tween cellular distribution by assessing hMit staining and
igratory distance.
The transplantation site was considered the reference point for cell
igration. Euclidian distances to various brain structures were
lculated using a mouse brain atlas [29] based on observed migration
ths (Suppl. File 3). Cellular distribution was not defined by
igratory distances, as some regions relatively close to the tumor core
ypothalamus, hippocampus) were avoided by tumor cells, while
ore remote brain regions comprising both gray and white matter in
e brain stem, were highly infiltrated (Figure 4A). All tumor cell
igration observations are summarized in Figure 4B. Formal
antification of tumor cell burden was performed in selected
gions and revealed significant enrichment of tumor cells in
ructures within the same distance range as the hippocampus in
th hemispheres (Suppl. Figure 2).
he Hippocampal Formation is an Invasion-Privileged Brain
egion in a Transgenic GBM Model
We also studied invasion patterns in the invasive GBM model
ing transgenic cdkn2a−/− mice injected with PDGF-β-GFP
ntivirus. Despite extensive tumor cell infiltration in both
mispheres and the abundant presence of tumor cells in the
ra-hippocampal regions, very few tumor cells were observed within
e hippocampus proper (Figure 5, Suppl. Figure 3).
R Imaging of GIC-Derived Xenograft Tumors Show Sparing
the Hippocampus
The first detectable signal abnormality in GIC-derived xenograft
mors (T08), was hyperintensity on T2-weighted images (Suppl.
gure 4A), whereas end-stage MR images typically displayed edema/
mor infiltration, midline shift and hydrocephalus (Figure 6).
attered contrast-enhancement and spontaneous intratumoral
morrhage were also observed in the transplanted hemisphere
igure 6, Suppl. Figure 4B). These features are also commonly seen
clinical MR images of GBM patients [34]. Similar to our clinical
dings, the hippocampus was relatively spared from T2 hyper-
tensity (Figure 6B). Such T2-signal abnormalities were otherwise
nsistently observed in mouse brains harboring these xenograftgure 2. Tumor cell distribution in white matter tracts and non-tr
icroscopy images of immunolabeled sagittal (A, F) and coronal (B-E,
ltures. (A-B) Tumor cells followed white matter tracts and high tu
mmissure and the cerebral peduncle. (C) The optic chiasm and distal
e most tumor-infiltrated regions. (D) Tumor cells accumulated in th
ojected laterally towards the spinocerebellar tracts following the cere
e medullary pyramidal tracts. Migration of single tumor cells can eve
ere also detected in the white matter contralateral to the side of trans
hile the surrounding cortical areas harbored only a few cells. (F-H) The
mprised the primary path of cell migration into the non-transplant
esence of tumor cells (white arrows). In most cases, the subventricula
filtrated by tumor cells. (I) Projection fibers of the cerebral peduncle
mor cells were detected in the ventral part of the pons. The inlet sho
ace (white arrows). (K) Despite the accumulation of tumor cells surr
rus were remarkably free of tumor cells.Abbreviations: 2n, optic nerve
e anterior commissure; CA, cornu ammoni; cc, corpus callosum; cp, c
ird ventricle; DG, dentate gyrus; dhc, dorsal hippocampal commissur
ternal capsule; icp, inferior cerebellar peduncle; ihf, interhemispheric f
the hippocampus; py, pyramidal tracts; st, stria terminalis; stf, striata
, thalamus; vert, vertebral artery; * lateral ventricle.mors. In contrast, mice transplanted with the GL261 glioma cell
e showed well-demarcated lesions with limited T2-signal abnor-
ality (Suppl. Figure 4C).
rowth Patterns of Malignant TLGs and the Relative Sparing
the Hippocampus
In the human brain, the temporal lobes are the most common sites
r gliomas when adjustments are made for tissue volume. In fact,
LGs account for 30% of all glial tumors [35]. To evaluate whether
ese tumors are involved with the amygdala-hippocampal complex,
e analyzed MR images of 70 cases of malignant TLGs. A detailed
aracterization of the clinical cohort is provided in Suppl. File 4.
The first group, comprising nine of seventy cases, included tumors
ith contrast-enhancing lesions occupying the medio-basal temporal
gions (type 1), such as the uncus, amygdalo-hippocampal complex
d the parahippocampal- and/or fusiform gyrus (Figure7A). The
cond group, comprising the remaining sixty-one patients, included
mors primarily located lateral to the aforementioned structures.
hese tumors were considered “lateral” and further subdivided into
n s u l a r - t e m p o r o - o p e r c u l a r ( t y p e 2 ) ,
onto-orbital-insular-temporopolar (type 3) and non-limbic lateral
mors (type 4) (Figure 7B).
Tumor extension beyond the contrast-enhancing lesion was based
FLAIR-weighted images. The analysis showed that the FLAIR
gnal abnormalities in most “lateral” tumors occupied large parts of
e temporal lobe. Furthermore, the tumors frequently extended into
e adjacent lobes. Indeed, ipsilateral ependymal enhancement was
tected in 40% of the cases. Despite the growth of these tumors into
rious brain compartments, the amygdalo-hippocampal complex
peared to be spared of pathological FLAIR-signal in 74% of these
ses (Figure 7, B and C and Suppl. File 5). In the medio-basal
mporal tumors the pathological FLAIR-hyperintensity was either
nfined to the medial structures or spread within the limbic system
the insula (Figure 7A).
iscussion
this study, we have demonstrated that xenografted patient-derived
ICs from tumor-sphere cultures form highly invasive tumors that
capitulate the phenotype of malignant gliomas.
A key finding is the presence of a non-radial migratory pattern of
mor cells within the brain, contrasting with the notion of isotropicansplanted hemisphere of GIC-derived tumors. Fluorescence
G-K) sections from GIC-derived tumors derived from T08 or T25
mor cell densities were seen in the internal capsule, anterior
parts of the optic nerves (inlet with dashed line in A) were among
e ventral regions of the pons close to the pyramidal tracts and
bellar peduncles into the cerebellum. (E) Island of tumor cells in
n be seen here (white arrows). (F) A large number of tumor cells
plantation. Notably, tumor cells were detected in the optic tract,
commissural fibers were extensively infiltrated by tumor cells and
ed hemisphere. Crossing striatal fibers were visualized by the
r zone of the lateral ventricles and their subependymal lining were
and medial lemniscus harbored invasive tumor cells (inlet). (J)
ws a clear tendency of tumor cells to accumulate in the subpial
ounding the hippocampus, the cornu ammonis and the dentate
; aca, anterior part of anterior commissure; acp, posterior part of
erebral peduncle; CPu, caudate putamen; D3V, dorsal part of the
e; f, fornix; fi, fimbria; HPC, hippocampus; HY, hypothalamus; ic,
issure; ml, medial lemniscus; opt, optic tract; Py, pyramidal layer
l fibers; STR, striatum; SVZ, subventricular zone; TC, tumor core;
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Figure 3. Hippocampal sparing in GIC-derived tumors. Fluorescence microscopy images of immunolabeled coronal sections from
GIC-derived tumors derived from T25 or T76 cultures revealed that hippocampal sparing was a prominent feature present in several
xenograft tumors. (A) Overview of the transplanted hemisphere shows a large bulky tumor in the transplanted hemisphere while the
hippocampus (inlet) is remarkably free of tumor invasion. (B) Overview of both hemispheres at the level of the hippocampi. T25 displayed
intense tumor cell infiltration of both grey (e.g. cortical layers of the convexity and thalamus) and white matter structures (e.g. corpus
callosum, hippocampal commissure and alveus) surrounding the hippocampi compared to the cornu ammonis and dentate gyri which
harbored relatively few tumor cells.Abbreviations: CA, cornu ammoni; cc, corpus callosum; cg, cingulum; cp, cerebral peduncle; CPu,
caudate putamen; CTX, cortex; DG, dentate gyrus; dhc, dorsal hippocampal commissure; HPC, hippocampus; Or, oriens layer of the
hippocampus; TH, thalamus.
650 Invasion Patterns in Malignant Gliomas Mughal et al. Neoplasia Vol. 20, No. 7, 2018mor propagation. Invasive tumor cells were found to migrate along
veral of the classical secondary structures of Scherer [10] and tended
accumulate extensively along WMTs located ipsi- and contral-
erally to the primary tumor. Of particular interest is the enrichment
tumor cells in the optic and pontine white matter structures,
spite their distance from the transplantation site. In pediatric
tients, these two regions are well known for their preponderance to
rbor diffuse gliomas [36]. We also found tumor cell accumulation
the periventricular areas, an observation that fits well with
urosurgical [37] and oncological [38] clinical data. In contrast, few
mor cells invaded the hippocampus and certain limbic structures.
hese findings were consistent in patient material as well as in two
ouse models. The propensity of tumor cells to inhabit and avoidrtain brain regions suggests the presence of molecular cues that
ide tumor cell migration towards or away from certain brain
gions. The clear differences in accumulation of tumor cells, not
lated to migratory distances from the tumor bulk, highlight this
enomenon. Knowledge about the tumor load in various brain
gions may also have a potential implication for radiotherapy;
gions/structures enriched with tumor cells could potentially receive
gher dosage coverings, whereas the areas free of invasive tumor cells
uld be relatively spared [38].
As previously described, the migratory patterns of gliomas, at least
early stages, respect anatomical borders such as the cortex and pia
9]. Since the pial lining represents a barrier for further spread of
mor cells, surgical dissection techniques have been developed to
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Figure 4. Tumor cell distribution in different brain regions. (A) Schematic illustration comparing expected and observed labeling density,
showing that the distribution of tumor cells was not related to the distance from the site of cell transplantation. Distribution of tumor cells
was not related to the distance from the site of cell transplantation. (B) Schematic maps showing the brain-wide distribution of tumor cells
derived from Table 1B.Abbreviations: 2n, optic nerve; ac, anterior commissure; Acb, accumbens nuclei; AMG, amygdala; CA, cornu
ammoni; cc, corpus callosum; CTX I-III, cortical layers 1–3; CTX IV-VI, cortical layers 4–6; DG, dentate gyrus; f, fornix; fi, fimbria; GP,
globus pallidus; HY, hypothalamus; ic, internal capsule; lo, lateral olfactory tract; MB, midbrain; mcp, middle cerebellar peduncle; Med,
medulla; ml, medial lemniscus; OB, olfactory bulb; och, optic chiasm; Olf, olfactory cortex; Pi, piriform cortex; Pn, pontine nuclei; scp,
superior cerebellar peduncle; Sep, septum; st, stria terminalis; stf, striatal fibers; TH, thalamus; VS, ventral striatum.
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pears to spread within the limbic system [8] was noted by Yasargil
al. and later described in detail by Schramm et al. [9]. Similar
forts were performed by Capizzano et al. [40] for diffuse gliomas;
wever, GBMs were not included in their tumor series. The
ediobasal tumors were confined to the medial limbic structures,
hereas the more heterogeneous “lateral” group comprised both para-
d non-limbic structures. In the “lateral” tumor types, 75–80% did
t show radiological signs of growth into the amygdalo-hippocampal
mplex and in the remaining cases this may represent a late event in
mor growth. Histological confirmation could not be done, as it was
t amenable to perform a biopsy of a brain region without
diological signs of tumor involvement.
Among the hypotheses to explain such a specific invasive pattern,
ngelhorn et al. suggested intracerebral segregated areas that could
present relative hindrances for invasive distribution or edema
velopment [41]. Such borders could be a result of regional
ganization of blood vessels or white matter orientation secondary to
ain development but are more likely defined through certain
olecular cues such as netrins and bone morphogenic proteins [42].
ch morphogenetic fields are suggested to influence the
co-regional tumor spread in other solid cancers [43] and could
plain the success of newer surgical approaches in resecting such
atomical regions instead of more localized tumor resection [44].The spread of glioma cells through the brain has been suggested
follow the same embryonically defined regions [45] but
pportive data has been scant. Interestingly, we have previously
scribed a similar interaction between GICs and the microen-
ronment. In chicken embryos, GICs induced tumor formation
they were transplanted into the brain but failed to do so in the
veloping spinal cord [46]. Exploring this hypothesis in the
man brain is, however, very demanding. Imaging modalities
ve limited ability to demonstrate invasive tumor cells and
hole-brain preparations from patients cannot be examined at
rly stages of the disease. Previous autopsy studies have been
ited by lack of methods for visualization of invasive tumor cells
,47].
A strength of our study is the use of two different mouse models
cluding both patient-derived xenografts into SCID mice and
kn2a−/− mice injected with PDGF-β-GFP lentivirus. In both
odels, we observed widespread invasion of tumor cells, as well as a
lative paucity of tumor cell migration into the hippocampus. Other
oups have also presented a general notion of a widespread invasive
ttern and the described pattern of migration along WMTs. Though
t described, sparing of the hippocampus can even be seen in these
pers [19,41]. A systematic description of the brain-wide invasion
tterns has, however, not yet been done. The main weakness of the
IC-derived GBM model is the lack of immune cells, which could
Figure 5. Hippocampal sparing was also present in an invasive transgenic mouse GBM-model. (A-B, C-D) HE-stained and corresponding
GFP-stained axial sections of PDGF-induced tumors in cdkn2a−/−mice showed highly invasive tumors that affected both hemispheres.
Tumors demonstrated widespread dissemination of tumor cells in several neo- and mesocortical regions as well as the corpus callosum.
Enlarged images of the hippocampal regions showed that tumor cells extensively infiltrated the para-hippocampal regions, including
cortical regions and white matter, whereas the cornu ammonis and dentate gyri appeared to be spared (inlet). A high density of tumor
cells was also observed in the subependymal lining as well as in the mesencephalon. (E-G) Similar invasion patterns were observed in the
other cases, and in one case, intense neovascularization was seen outside the hippocampus.Abbreviations: Ac, auditory cortex; alv,
alveus; CA, cornu ammoni; cc, corpus callosum; Cg, cingulate cortex; df, dorsal fornix; DS, dorsal subiculum; LHPC, left hippocampus;
MB,midbrain; Mc, motor cortex; Oc, olfactory cortex; Or, oriens layer of the hippocampus; Py, pyramidal layer of the hippocampus; RSG,
retrosplenial granular cortex; RHPC, right hippocampus; SBC, subiculum; Sc, somatosensory cortex.
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Figure 6.MR imaging of GIC-derived xenograft tumors. (A) Photographof a coronally sectionedbrainwith xenograft tumor andcorresponding
MR images displayed scattered contrast enhancement and widespread pathological T2-hyperintensity in the transplanted hemisphere. The
T2-hyperintensity was found along the corpus callosum extending into the non-transplanted hemisphere (yellow arrowhead). (B) Coronal MR
slices showing T2-signal abnormality (red arrowheads) involved several regions outside the striatal tumor core: thalamus, cortical areas of the
convexity, parts of occipital lobes and white matter structures, whereas the hippocampi in the transplanted (white arrow with solid line) and
non-transplanted hemispheres (white arrow with dashed line) were spared. Red asterisks mark dilated ventricles.Abbreviations: cc, corpus
callosum; HPC, hippocampus; Sep, septum; STR, striatum; TC, tumor core; TH, thalamus.
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dditionally, it is possible that the target chosen for transplantation of
lls could affect tumor cell migratory patterns. However, our finding
similar migratory patterns in the transgenic mouse model suggests
at these factors, if anything, are of subordinate importance. The
ancer Genome Atlas (TCGA) research network classified GBMs
to four molecular subtypes mainly based on the tumor's gene
pression patterns [49]. As proneural expression patterns tend to be
er-represented in GIC cultures and is also found in the PDGF
duced tumors [22,50], the presented data could be more relevantr this tumor subtype. The presented patient MRI findings,
wever, suggests a broader validity, as the clinical cohort most
ely includes all glioblastoma subtypes.
Migratory patterns within the brain have been hypothesized to be
minated by invasion along vessels in the perivascular spaces [10].
his suggests a primary spread of tumor cells along a path of minimal
ysical resistance, supporting the importance of physical factors such
tumor pressure and mechanical strain in the invasive pattern of
mor cells. The data presented in this paper do not support these
evious observations. The migratory patterns we observed were
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Figure 7.MR imaging of malignant temporal lobe gliomas.(A) Contrast-enhanced T1 (T1CE)- weighted images of a mediobasal TLG (type
1). Pathological FLAIR- hyperintensity typically involved the amygdalo-hippocampal complex. (B) T1CE- weighted images of more lateral
temporal tumors with the three subtypes: insular-temporo-opercular (type 2), orbitofrontal-insular-temporal pole (type 3) and non-limbic
lateral (type 4) tumors. Pathologic FLAIR- hyperintensity occupied large parts of the temporal lobe in these tumors. (B-C) 74% of the
examined TLGs were “lateral” and FLAIR-images revealed that the amygdalo-hippocampal complex (white and yellow arrow with solid
lines) was frequently spared. Arrows with dashed lines point toward the amygdalo-hippocampal complex contralateral to the tumor core.
Abbreviations: AMG, amygdala; HPC, hippocampus; TC, tumor core.
654 Invasion Patterns in Malignant Gliomas Mughal et al. Neoplasia Vol. 20, No. 7, 2018minated by spread through the brain parenchyma with a
edilection for WMTs. This fits well with our earlier finding that
ult human neural stem cells migrate along WMTs rather than
cumulating in the perivascular spaces [51]. There was, however, one
riking difference. In this model, with ischemic injury to the
ppocampus, the normal stem cells exhibited selective migration into
e hippocampus [51]. This suggests that migration into the
ppocampus is not primarily hampered by mechanical constraints
t is rather regulated through molecular signaling. The extra cellular
atrix composition is brain region-specific [52] and may explain the
served migration patterns. Further studies are needed to highlight
is molecular machinery, and we are now actively pursuing this in ex
vo as well as in vivo models.
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